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INTRODUCTION 
Transmission of bulk ultrasonic waves through materials immersed in water is a well 
appropriated method to measure the stiffness matrix of anisotropic composite materials. This 
matrix can be deduced from velocities measurements by simple [1,2,3] or double transmission 
[4,5] or from amplitudes of double reflected bulk waves [4 ]. All these methods are working 
very well for unidirectional composites when transverse isotropy is assumed and the stiffness 
matrix has only five independent elastic constants. 
But in real non perfect materials, this hypothesis could be wrong and the material must be 
considered like orthotropic, with nine independent elastic constants. It is the same for 
laminated materials stacked with plies in various directions of which the stiffness matrix is 
unknown. The research of the right model of anisotropy for a new material is not so easy. To 
be convinced by a model, it is very useful to measure at the same time and independently, 
velocities and amplitudes. 
This paper emphasizes the research of anisotropy models for three kind of materials from 
ultrasonic velocities and amplitudes measurements through two principal and one non-
principal planes. 
METHOD OF ELASTIC CHARACTERIZATION OF ORTHOTROPIC MATERIALS 
The ultrasonic immersion method to characterize unidirectional composites was 
described in several papers [1..5]. More recently, this method was enhanced to characterize 
orthotropic materials from ultrasonic inspection through non-principal planes [6] and will be 
shortly reminded here, with results related to an ideal unidirectional composite. 
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Fig.l Synopsis of immersion ultrasonic system to measure 
velocities and amplitudes versus e incident angle. 
The sample is a plane layer immersed in water (Fig. I) between two ultrasonic 
transducers. Short longitudinal pulsed waves are launched in liquid by inunersion ultrasonic 
emitter and converted through both liquid/anisotropic solid and anisotropic solid/liquid 
interlace. The receiver, shifted according to the Snell's law displacement, converts waves in a 
temporal signal which is numerically acquired. Everything is remotely controlled by 
microcomputer and the pursuit of each mode initially chosen by the operator, is automatic [3]. 
Velocities measurements in the solid are obtained from the delay between a reference signal 
(acquired without sample) and signals of the modes transmitted through the sample. 
In the principal planes Pl2 (xl,x2) and P13 (xl,x3), defined in the figure 2, the interface 
liquid-solid produces only two modes, quasi-longitudinal (QL) and quasi-shear (QT1) and in 
any non-principal plane (<I> '* 0° and <I> '* 90°), the quasi-shear (QT2) third mode (Fig.3) is 
also generated [6,7]. Elastic constants CII, C12, C22 and C66 ( or CII, C13, C33 and C55 ) 
are identified from velocities in the plane P12 (or P13), and C23, C44 from the non principal 
plane at <I> = 45° [6]. 
The method is previously illustrated with an unidirectional graphite fibers I peek matrix 
composite. This material is ideal because the damping is very low, the plies thickness is 
smaller than the wavelength at the ultrasonic frequencies (2 to 6 Mhz) and the high anisotropy 
permits the generation of the two quasi-shear modes in non-principal planes [6,7]. So it is like 
a reference material to test the method. 
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Fig.2 Definition of incident planes. 
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Fig.3 Waveform of the (QT2) third mode through sample 1. <I> = 45° and 6 = 46° 
Sample I Fibers (graphite) Matrix Thickness Numbers of plies Density 
Direction: =90° and B = 90° Peek I mm 8 1.62 
The stiffness matrix of the sample 1, identified from experimental values, is given by : 
14.4 7.4 7.7 
7.4 14.2 7.4 
7.7 7.4 137 
(in GPa)j 
7.2 
6.2 
3.6 
Experimental velocities through the <I> = 45° plane (Fig.2) and computed velocities from 
the stiffness matrix are plotted to the figure 4 versus the incident angle 6. 
N 
The velocities standard deviation, S =1/N I (Vk - V(Cij) I vkf , obtained from N 
k~l 
experimental data V k and computed velocities V(Cij), is inferior to 0.6 % for the three planes. 
So, the measured stiffness matrix seems the right model for this material. Differences between 
this model and hexagonal crystal medium [8] are less than 5 %. 
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Fig.4 Velocities versus e incidence angle through the <I> = 45° plane. 
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Fig.5 Transmitted Amplitudes in the plane <I> = 45° at the frequency: 5 Mhz. 
Another way to be convinced by these results is to draw experimental amplitudes and 
transmission coefficients (Fig.5). Experimental amplitudes are dermed by the ratio between 
amplitudes of transmitted waves and the reference amplitude, in order to divide out 
transducers and propagation effects. This ratio is obtained in the Fourier domain for the central 
frequency. The procedure to compute transmission coefficients through a non-principal plane 
of an anisotropic layer immersed in water will be published in a next paper [7]. 
Because amplitudes measurements are independent of velocities measurements, the 
good fitting between theory and experimentation is a supplementary proof to accept this 
model. The anisotropy of unidirectional fibers composites is very large, so it is easy to 
generate and separate the three ultrasonic bulk modes. But for industrial purposes, we need to 
extend this method to other class of composites. 
BIDIRECTIONAL COMPOSITES 
The method, already applied for woven ceramic/ceramic materials in principal planes [9,10], 
is tested here to characterize composites made of bidirectional glass fibers and epoxy matrix. 
Sample 2 Fibers (Glass) Matrix Thickness Numbers of plies Density 
90% in warp direction: <l> =90° and e = 90° Epoxy 3.6 mm 16 1.8 
10% in woof direction: <l> = 0° and e = 90° 
Again, for the three planes, velocities standard deviations are inferior to 0.5 %. Experimental 
and computed velocities in the plane <I> = 45 0 are presented at the figure 6 in polar coordinates 
(velocities and directions of propagation in solid) . 
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Fig.6 Velocities in <P =450 plane. 
The guessed stiffness matrix : 
15.6 6.4 7.0 
6.4 21.3 7.2 
7.0 7.2 43.5 
4 
(in GPa). 
4.0 
5.2 
4.5 
is the matrix of an onhotropic material. Amplitudes curves (Fig.7) let us trust the model. But 
for this lossy material, the comparison between computed and experimental curves is more 
laborious. Like in principal planes [2], a viscoelastic orthotropic model [7] let us add the 
anisotropic damping in order to compute the transmitted amplitudes. 
Therefore, this material is also well characterized by this method. It will be always the case for 
an homogeneous medium when wavelength is larger than the largest characteristic length 
inside the material. 
ELASTIC CHARACTERIZATION OF LAMINATES 
The method is now applied to a laminated composite the features of which are given in 
this table: 
Sample 3 Matrix 
Epoxy 
Fibers (Glass) 
83 % in the warp direction 
Numbers of plies 
8 
17% in the woof direction [0/90/451-451s 
Thickness Density 
3.6mm 1.8 
Because the way of which this material is stacked, the characteristic length is still the 
thickness of one ply and it can be seen like homogeneous. Principal planes P12 and P13 give 
7 elastic constants : 
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Fig.7 Amplitudes in the plane <I> = 45° at the frequency: 2.5 Mhz. 
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The two other constants, C23 and C44 will be deduced from inspection of <I> = 45° 
plane. Because this composite is not highly anisotropic, the two transverse modes are very 
close. In this case, the optimization procedure [6] is not reliable and needs to be enhanced. 
But guessed values of C23 and C44 are obtained by the following steps: 
i) The planes P12 and P13 are supposed identical and the mean values of 
corresponding Cij are introduced in the stiffness matrix. 
ii) Values of unknown C23 and C44 elastic constants are individually optimized to obtain 
the minimum of the velocities standard deviation: S = 0.7 %. 
iii) Velocities curves (Fig. 8) are plotted with the following matrix : 
15.8 8.0 8.0 
8.0 24 12 
8.0 12 24 
(in GPa)l 
5.5 I 
4.2 ! 
4.2J 
This matrix is equivalent to the tetragonal materials one's [8], with 6 independent 
elastic constants. The difference between this model and the real sample can be estimated by 
the difference between P12 and P13 planes which is less than 10%. 
Once again the good agreement between measured and computed amplitudes, plotted in the 
<I> = 45° plane (fig.9), let us trust the model. Figures 8 and 9 show that this plane is almost a 
principal plane. The inversion of the totally filled stiffness matrix leads to the compliance 
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Fig.8 Velocities in the plane <I> = 45° 
matrix ( ~j = [qJI ) which is compared with the in-plane compliance matrix S' ij computed 
with "Genlam" Software [11] : 
82 -18 
-18 j ** ** ** 
-18 62 -26 (1000/GPa) ** 60 -20 
-18 -26 62 ** -20 60 ~j= 180 S'ij = 
238 
238 
(1 000/GP81 1 
200 J ** 
** 
The agreement between computed and measured elastic modulus seems easier to obtain than 
with a tensile machine [12]. 
Fig.9 Amplitudes in the plane <I> = 45°at the frequency 2.5 Mhz. 
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CONCLUSIONS 
From velocities measurements of bulk waves transmitted by composite materials, three 
models of anisotopy were identified: hexagonal, onhotropic and tetragonal which fit very well 
the elastic behaviour of the tested materials. These three examples were chosen for materials 
which can be considered like homogeneous at the scale of the wavelength, that means when 
the thickness of each layer is small in comparison with the plate thickness. If the stack 
sequence leads to thick layers, for instance [004i904]S, it will be difficult to isolate bulk waves 
in the series of internal reflection and modes conversion. In that case, the so-called plates 
modes method [13,14] could be an alternative, although the inverse problem does not seem 
resolved. 
But for many kinds of composites, the ultrasonic bulk waves transmission method in 
principal and non-principal planes is a unique solution to measure the elastic properties, to 
validate an anisotropy model and to follow the evolution of damage [15]. However, the 
optimization process, based on slowness curves [16, 17] ,has to be generalized to the 
optimization of slowness surfaces [18] in order to take all planes into account in the same 
time. 
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